The scientific work of Jan-Peter Frahm and others elucidated the enormous potential bryophytes have for basic as well as applied research. In this review we focus on some results that widely open the door for the use of different bryophyte species for plant biotechnology, suggesting that "Bryotechnology" is a rapidly evolving sector of biotechnology in general.
Introduction
Over the centuries bryologists felt that their research objects were underestimated by scientists working with animals, humans, or flowering plants. One of the first such statements can be traced back to Hedwig (1793) , and nothing seemed to have changed since than. On the other hand, the first description of sex chromosomes in plants, of the continuity of chromosomes during the mitotic cycle and of nonMendelian inheritance as well as the introduction of UV-mutagenesis to genetic research are landmarks in the life sciences first achieved by researchers working on bryophytes (reviewed in Reski 1998 ).
In the last decades, this situation has begun to change, as more and more publications from Jan-Peter Frahm and others appeared demonstrating that bryophytes have, due to their specific position in the evolution of land plants and thus their specific life-style, an unexpected high potential for applied research with implications for the improvement of crop plants and for human health. A selection of such reports is highlighted in this review.
Secondary Metabolites
Bryophytes possess a large variety of secondary metabolites (Asakawa 1981 , Zinsmeister et al. 1991 and thus provide a considerable potential for biotechnological and biopharmaceutical applications. During the last decades more than 400 novel chemical compounds were isolated from bryophytes and structurally elucidated (Asakawa 2007) . Typical compounds of mosses are flavonoids, biflavonoids, terpenes and terpenoids, like di-and triterpenoids, whereas liverworts contain a large variety of lipophilic mono-, di-and sesquiterpenoids as well as aromatic compounds like bibenzyls, benzoates, cinnamates or naphtalenes (Asakawa 2007) . These aromatic compounds are responsible for the characteristic scents of several liverwort species, like the carrot-like aroma of Jungermannia odobata and Nardia scalaris (Fig. 1) or the cedar-like odor of Jungermannia cordifolia or Lophocolea heterophylla (Frahm 2001) .
It is widely known that many of the secondary compounds found in bryopyhtes are biologically active substances. From the evolutionary and ecological point of view these biologically active compounds are likely involved in pathogen defense and protection against microbial infections. Compared to tracheophytes, bryophytes have no mechanical protection like bark or cuticule. Furthermore most bryophytes grow on forest ground in a close connection to several biodegrading destruents. Hence, a protection against pathogens like fungi or bacteria is essential for surviving in this habitat. Antibacterial activity against gram-positive and gram-negative bacteria was reported from mosses (Basile et al. 1999 , Merkuria et al. 2005 , Zhu et al. 2006 ) and liverworts (Asakawa 2007) . Aqueous bryophyte extract inhibits the growth of Escherichia coli as tested on plates (Frahm, personal communication) . However, this antibacterial activity seems to be specific for certain bryophyte species, as the extracts of Marchantia polymorpha, Porella platyphylla and the moss Dicranum scoparium showed antimicrobial effects on the gram-positive bacteria Bacillus subtilis, Staphylococcus aureus and Sarcina lutea, but no activity against gram-negative E. coli (Pavletic & Stilinovic 1963 , Frahm 2004 ).
The fungicidal activity of bryophytes (Wolters 1964 , Dikshit 1982 was recently testet in in vivo experiments at Bonn University. Different crops growing in greenhouses, like tomatoes, wheat and green pepper were infected with the pathogens Phytophora infestans, Erysiphe graminis and Botrytis cinerea and subsequently treated with alcoholic extracts from different bryophytes. Depending on the concentration, all bryophyte extracts showed a species-specific antifungal activity against the plant pathogenic fungi (Frahm 2004) . Furthermore, extracts from Neckera crispa and Porella obtusata showed antifeeding effects against the portuguese slug Aarion lusitanicus (Frahm & Kirchhoff 2002) . Given that bryophyte extracts showed fungicidal and antifeedant effects, a commercial product was developed and is sold as natural pesticide (Frahm 2004) . Bryophyte extract also showed effects on human pathogenic fungi although the bioactive compounds may cause allergenic effects and dermatitis in some cases (Ando & Matsuo 1984) . Due to this risk of allergic reactions bryophyte extracts were not recommended for scientific medicinal use so far (Frahm 2004 ). Nevertheless, with regard to the impressive complexity of secondary metabolites among bryophytes their manifold application in traditional medicine is not astonishing. Many different bryophytes, e.g. Sphagnum, Marchantia, Riccia. Barbula, Bryum, Octeblepharum and Fontinalis are used to treat different diseases, including cardiovascular diseases, inflammation, fever, lung diseases, infections, wounds and skin diseases (Glime 2007) . In China more than 30 species can be bought at the local pharmacist (Ding 1982) . Among those is for example Polytrichum commune ( Fig. 1 ) which is used against fever and inflammation (Ding 1982) or boiled as a tea for treating the cold (Gulabani 1974) . Another species in traditional medicine is Rhodobryum giganteum (Fig. 1) used to treat, among other diseases, cardiovascular diseases or angina (Glime 2007) .
Beside their effects on microorganisms, bryophytes seem to affect the growth of tracheophytes as well. On the one hand bryophyte extracts show inhibiting effects and on the other hand promoting effects on seedling germination depending on the species. It was shown that extract of the liverwort Porella platyphylla inhibits the growth of radice seedlings, whereas the extract of Brachythecium rutabulum promotes the growth of radice seedlings (Frahm, personal communication) . Physcomitrella patens releases a tetracyclic diterpene, namely 16α-hydroxykaurane (16α-hydroxy-entkaurane, Kaurenol, C 20 H 34 O) in axenic culture (Von Schwartzenberg et al. 2004 ). This diterpene is produced in great quantities and it appears as crystallike, needle-shapes structures on the axenic agar cultures (Von Schwartzenberg et al. 2004) . The function of 16α-hydroxykaurane remains unclear so far, but it is assumed to be bioactive. 16α-hydroxykaurane is known to be produced by lichen species and fungi (Dayan & Romagni 2001) and it is commonly known from Gibberella fujikuroi, a plant pathogenic fungus that infects rice plants and causes foolish rice seedling disease. As recently shown, 16α-hydroxykaurane is involved in spore germination in Physcomitrella patens and leads to a complete inhibition of spore germination when applied in high concentrations of 2-3µM (Anterola et al. 2009 ).
Summing up, bryophytes possess numerous chemical compounds of biotechnological and biopharmaceutical interest. Several secondary metabolites were isolated so far from different species but the mechanisms behind their activity are still widely unexplored.
Stress tolerance and stress-related genes
Mosses were among the first plants making the step from a life in water to a life on land and they successfully colonised terrestrial habitats. The major demand to pioneer these habitats was the acquisition of molecular, biochemical and physiological Figure 1 . Rhodobryum giganteum, Polytrichum commune and Nardia scalaris. Rhodobryum giganteum is used in traditional medicine to treat angina and cardiovascular diseases, Polytrichum commune is used against fever and inflammation. Nardia scalaris is known for its characteristic odor due to aromatic compounds. (Pictures by Jan-Peter Frahm) mechanisms to cope with new adverse environmental conditions such as radiation, water deficiency, heat and cold. Even today the growth of bryophytes in specific habitats such as the margins of lakes and rivers with changing water availability requires specific adaptive programmes to ensure survival of the species. In addition, while flowering plants developed specialised tissues to transport and retain water, the bryophytes retained a simple, non-vascular morphology. Most moss tissues are only one cell layer in thickness and are in direct contact to the environment. Moreover, mosses do not possess stomata to balance assimilation and water loss and the water content of the cells is equivalent to that of their environment (poikilohydric plants). Based on these specific features of bryophytes it is evident that mosses have acquired and maintained particular adaptive mechanisms to withstand unfavourable environmental conditions.
In the past different moss model species were chosen to analyse their physiological tolerance against various abiotic stress factors and to gain insight into the underlying molecular mechanisms. A wellestablished species is the drought-tolerant moss Tortula ruralis that is able to withstand complete desiccation of its vegetative tissues (desiccation tolerant) and returns to active metabolism and growth within minutes upon rehydration (Oliver et al. 2004) . T. ruralis was used to identify genes that show specific changes in their expression upon dehydration and rehydration (Wood et al. 1999; Oliver et al. 2004; Oliver et al. 2009 ). Analysis of EST data led to the hypothesis that the high degree of dehydration tolerance of T. ruralis is based on the constitutive expression of stress-related genes. Thus, T. ruralis exhibits a preparedness to face abiotic stress conditions. In addition, the molecular analysis during the dehydration process revealed that particular mRNAs are sequestered and stabilised in mRNA/protein complexes that facilitate the rapid translation of rehydrins after the uptake of water (Wood et al. 2000) .
In recent years P. patens emerged as another model system to study mechanisms of abiotic stress adaptation, to identify stress-related genes and to characterise them functionally by reverse genetics approaches. P. patens cannot withstand complete water loss, but tolerates water loss of up to 92% and is classified to be dehydration tolerant. Moreover, P. patens shows high degree of tolerance to other abiotic stresses including salt and osmotic stress . The phylogenetic position of P. patens in land plant evolution, the availability of its genome sequence and its amenability to molecular biology approaches allows for the functional analysis of stress-related genes. One reason for the high stress tolerance of P. patens compared to seed plants could be the retention of stress-related genes that may have been lost during the evolution of seed plants. One example emphasising such a scenario is the presence of P-type Na + -ATPases homologous to fungal ENAtype Na + -ATPases that are absent in flowering plants (Benito & Rodriguez-Navarro 2003; FraileEscanciano et al. 2009 ). In consequence, flowering plants are not able to maintain low Na + and high K + concentrations at high external Na + , whereas P. patens is able to adjust cytosolic Na + concentrations by active transport of Na + ions over the plasma membrane. Furthermore, P. patens can serve as a model system to analyse the function of stress-related genes that are conserved throughout the plant kingdom. LEA (late embryogenesis abundant) proteins are highly conserved proteins that were originally discovered in desiccating seeds and were suggested to play a major role in the acquisition of seed desiccation tolerance (Battaglia et al. 2008) . Stress-induced expression of LEA genes was also observed in vegetative tissues pointing to an additional role in stress adaptation in these tissues. Based on the primary structure of LEA proteins it is assumed that the hydrophilic disordered regions fold upon water-stress into amphipathic alpha-helices that stabilise and protect cellular membranes. Direct evidence for an essential role of LEA proteins in water stress adaptation was obtained from a P. patens mutant line defective in the deydrin gene DHNA. These mutant lines were affected in their recovery from dehydration underlining the role of LEA proteins to prevent irreversible cell damage (Saavedra et al. 2006 ). Functional studies in P. patens on another protein family (TSPO: translocator protein) that is evolutionarily conserved from bacteria to mammals and plants and acts in tetraypyrroletransport revealed an essential role in redox homeostasis under stress conditions. A common reaction under abiotic stress conditions is the generation of detrimental reactive oxygen species (ROS) that cause peroxidation of lipids, DNA and proteins leading to irreversible cell damage. The deletion of one P. patens TSPO gene (PpTSPO1) encoding a mitochondrial membrane localised TSPO protein caused enhanced susceptibility to abiotic stress ). The PpTSPO1 mutant lines showed elevated ROS levels that were accompanied by enhanced lipid peroxidation and cell death rates. PpTSPO1 is required for the proper allocation of tetrapyrrole intermediates between plastids and mitochondria. In the absence of PpTSPO1 highly photoreactive intermediates accumulate in the cytosol and lead to an increase in ROS. Strikingly, the P. patens genome encodes four additional PpTSPO homologues whereas A. thaliana encodes a single TSPO protein. It remains to be shown if TSPO proteins in flowering plants have a similar essential function in stress adaptation.
It is well known that changes in cytolsolic Ca 2+ concentrations and the generation of specific Ca 2+ signatures are immediate events in stress-related signalling pathways and ATP-driven Ca 2+ -ATPases were discussed to be major components to determine transient Ca 2+ elevations. However, disruption of Ca 2+ -ATPases in A. thaliana caused developmental abnormalities and disturbed gibberellin signalling, but had no effect on stress tolerance (Chen et al. 1997; Schiott et al. 2004; George et al. 2008) . In contrast, the deletion of the Ca 2+ -ATPase PCA1 in P. patens led to a reduced stress tolerance of the mutant lines pointing to an essential function of this Ca 2+ pump in stress-induced signalling pathways (Qudeimat et al. 2008) . PCA1 is localised to membranes of small vacuoles and required for the generation of a transient Ca 2+ elevation in response to enhanced salt concentrations. The perturbed Ca 2+ response in PCA1 mutants correlates with altered expression levels of stress-responsive genes suggesting that PCA1 is required for triggering an immediate stress response.
The functional analyses of stress-related genes in P. patens underline the potential of these studies in the identification and elucidation of molecular and biochemical mechanisms which contribute to the high stress tolerance in mosses. Meanwhile, the completion of the P. patens genome sequence facilitates the development of whole genome microarrays for gene expression profiling in response to abiotic stress factors. The use of EST-based microarrays already underlined the power of this method in the identification of a large set of stress-induced genes in P. patens (Cuming et al. 2007; Richardt et al. 2010) . The identification of additional stress-related genes in P. patens and the comparison with the stress-related gene repertoire in flowering plants will provide further insight into the evolution of abiotic stress adaptation in plants. Furthermore, moss-specific mechanisms that contribute to the high degree of stress tolerance might be suitable targets for the transfer into seed plants for crop plant improvement.
High-throughput Analyses
Due to its evolutionary conserved position and the resulting potential for a discovery of genes, proteins and metabolites not present in higher plants, highthroughput analyses in Physcomitrella patens have become a suitable means for identifying candidate genes for targeted knock-out generation, for recombinant protein production, the so called molecular farming, or for metabolite isolation for food improvement and biofuel synthesis.
Various resources are available for a screening of candidate genes in the genome of Physcomitrella, the most prominent one being the cosmoss database (www.cosmoss.org) which includes the genome assembly as published in the draft genome sequence , additional EST collections covering the complete life cycle Nishiyama et al. 2003; Lang et al. 2005) and informations on about 20,000 full-length cDNAs. Results, so far, indicate that the genome of P. patens encodes for approximately 30,000 proteins . Interestingly, about 10,000 of them have no reliable functional annotation, yet (unpublished). The availability of the genome sequence from P. patens and the publicly available database enable for a comparative analysis with the genomes from other seed plants such as Arabidopsis thaliana, rice and poplar, therefore contributing to the understanding of plant diversity.
Two oligonucleotide based microarrays from Combimatrix are available for Physcomitrella, one containing all genes coding for transcription factors and transcription-associated genes (Richardt et al. 2007 ) and a whole-genome array containing all the putative gene models available in the genome. A comparative set of transcription associated protein (TAP) families which are focused on, but not limited to, land plants has been determined out of the analysis of the first array in PlanTAPDB, the Plant Transcription-Associated Proteins DataBase. Besides transcription factors, extensively studied in seed plants, PlanTAPDB includes transcriptional regulators and putative TAPs and covers a broad taxonomic range including algae and the moss P. patens. Results from the whole-genome array, on the contrary, are envisaged to be included in cosmoss in an expression atlas, which will allow for an expression profile analysis of genes under different experimental conditions, i.e. in response to abiotic stress or phytohormones.
Besides the analysis of single genes via the generation of knockout mutants the application of forwardgenetic approaches is essential for the investigation of multiple gene effects. For this purpose a mutant collection was created which allows for a subsequent characterisation of aberrant phenotypes and an identification of the mutated genomic locus. Ideally, mutagenesis should not be directed and all the genes of an organism should have the same probability of being targeted, thus leading to the generation of a saturated mutant collection. The isolation of targeted genes is easier if mutagenesis is done via the integration of known DNA sequences. Such an approach was established for Physcomitrella, for which cloned cDNA regions were mutated via transposon mutagenesis and then implemented in a high-throughput approach generating 160 transgenic lines per day. From 16,000 analysed Physcomitrella mutants about 16% displayed a phenotype deviating from wild-type (Egener et al. 2002) . This value is way over the rate of comparable mutant collections of the flowering model plant A. thaliana. The large number of Physcomitrella mutants with an aberrant gametophytic phenotype is most likely the result of the haploid status of the gametophyte. Besides from mutants with a disrupted development many auxotropic mutants showing metabolic defects could be isolated using a high throughput metabolic screen (Schulte et al. 2006) . This large-scale analysis performed for 51,180 targeted knockout and the characterisation of the mutants might help to find genes with essential functions in plant specific biosynthetic pathways, like vitamin synthesis or the unsaturated fatty acid metabolism. These genes therefore are candidates for future biotechnological applications.
The sequenced genome of Physcomitrella was instrumental for a quick and reliable identification of proteins due to an automated sequence comparison of mass spectrometry-identified peptides via the cosmoss database. Large amounts of moss are necessary for such shot-gun proteomics experiments but as cultivation of P. patens under standardised conditions in the bioreactor or in bubble flasks can easily be upscaled this point does not represent a limiting step. Methods for the selective isolation of organelles from P. patens with a subsequent extraction of proteins from these compartments, as well as well-established methods for the investigation of signal transduction pathways are available. However, there are still some requirements needed for a high-throughput analysis based on proteomics data. For shot-gun proteomics approaches as used e.g. for the mapping of organellar proteomes from plastids and mitochondria there is a need for automated bioinformatics tools for data evaluation and data analysis. Furthermore, the mass spectrometric detection is dependent on the detection technique thus generating results of varying quality, something which has to be taken into account in the subsequent data mining processes and while setting up the final list of reliably identified proteins. The characterisation of signal transduction processes and the analysis of changes in the phosphorylation of members within a pathway are less prone to bioinformatics difficulties but encounters experimental limitations which require the combination of diverse methods and the adaption of protocols depending on the topic to be addressed. Enrichment and identification of phosphorylated proteins in P. patens therefore requires fast handling of samples, since phosphorylations usually are unstable modifications, and a combination of reversephase chromatography, metal affinity chromatography, capillary electrophoresis, LC-MS/MS and MALDI-TOF-MS. By this means about 250 phosphopeptides have been identified in Physcomitrella (Heintz et al. 2004) .
Moss Bioinformatics and Genomics
The publication record of bioinformatics and genomics in Bryopsida is scarce and has been primarily focussed on the Funariaceae molecular model Physcomitrella patens. EST projects were pursued for the desiccation tolerant Pottiaceae Syntrichia ruralis (Oliver et al. 2004) (Oliver et al. 2004) . But with the advent and cost-effectiveness of (ultra-) high-throughput sequencing technologies like e.g. 454, Illumina and SOLID, a broader coverage of the ecological complexity of mosses and other bryophytes is within our grasp. The analysis of the plastid genome of S. ruralis (Genbank Refseq NC_012052) and several EST projects of Bryopsida are underway. The upcoming and future bryophyte genomics and transcriptomics projects will greatly benefit from the well established resources that have been created for the model moss P. patens which we will review in the following.
Initial sequencing studies of P. patens genes date back to the late nineties. Genes with significant sequence similarity to annotated genes of seed plants, as well as putative species-specific genes were found by sequencing cDNAs isolated by subtractive hybridization . Later, sequencing of cDNAs from tissue treated with abscisic acid (ABA) revealed the same and also demonstrated that the same classes of stress-induced genes were activated in moss as those known from flowering plants (Machuka et al. 1999) . Subsequently, several large-scale EST sequencing projects were undertaken around the globe (e.g. UK, The Physcomitrella EST programme; USA; Germany , http://www.cosmoss.org and Japan (Nishiyama et al. 2003) , http://moss.nibb.ac.jp/). Some of the libraries were normalized and/or subtracted and together with all available data assembled and annotated into a virtual transcriptome representation of low redundancy .
To allow functional characterization of this vast amount of data, a high quality functional annotation pipeline has been developed and applied to annotate approximately 63% of the virtual transcripts . In addition, a web interface has been developed that allows easy access to the virtual transcriptome of Physcomitrella and the partial transcriptomes of S. ruralis and C. purpureus (www.cosmoss.org). To date, nearly 400,000 ESTs have been generated from libraries spanning the complete lifecycle of P. patens and are available as the virtual transcriptome representation 04/09 (www.cosmoss.org).
Both organellar genomes, the mitochondrial (Terasawa et al. 2007 ) and the chloroplast (Sugiura et al. 2003) genome, are fully sequenced and have already revealed valuable insights into the evolution of Plantae (Qiu et al. 2006; Turmel et al. 2006; Turmel et al. 2007 ).
In order to further establish P. patens as molecular model for functional comparative genomics of embryophytes, Rensing et al. (2002) suggested that "this is a good time to establish an international moss-genome-sequencing project". At the annual moss meeting in 2004 in Freiburg the International Moss Genome Consortium was initiated and plans to sequence the genome were formed and pursued since then.
The genome has been sequenced as part of the U.S. Department of Energy's community sequencing program by a whole genome shotgun approach at the Joint Genome Institute (JGI) in 2005. The haploid genome of P. patens has an estimated size of ~510Mbp (C-value: 0.53pg) and is organized in 27 small chromosomes Schween et al. 2003) . The draft sequence was published in early 2008 ) and as expected, revealed valuable insights into the conquest of land by plants. From v1.1 of the P. patens genome ~36,000 proteinencoding genes were predicted , whereas clustered EST (expressed sequence tags) data suggested only ~25,000 protein-encoding moss genes Lang et al. 2005; Rensing et al. 2005) . More detailed analysis prompted the exclusion of gene models overlapping with transposable elements, tRNA-and microRNA-genes prior the release of v1.2 of the P. patens genome. From this, we can predict 27,949 protein-encoding P. patens genes ).
This provides us with an additional example of the often quoted "C-value paradox" that the genome of an inconspicuous moss harbours a complexity in terms of size, repeat content and in number of proteinencoding genes (~30,000) which is in the same range as those of morphologically more complex organisms, such as Homo sapiens or A. thaliana (Sterck et al. 2007 ).
With the current draft we have an initial overview of the genomic structure and a good understanding of the complement of protein-coding and non-proteincoding regions of a haploid moss genome. The internet resource http://www.cosmoss.org provides access to the past, current (v1.2) and future versions of the P. patens genome and annotation using BLAST, sequence retrieval and an integrated genome browser including manual annotation interfaces. The international efforts to finish the P. patens in form of a reference genome (v2.0), i.e. assembling into the 27 pseudo-molecules representing the 27 chromosomes, are ongoing.
Production of complex Biopharmaceuticals with Moss Bioreactors
Recombinant proteins become increasingly important within the pharmaceutical industry. Because of their complex nature, proteins hardly can be produced by chemical synthesis but have to be synthesized biotechnologically in living cells or organisms. For this reason, recombinantly produced pharmaceutical proteins caught the name "biopharmaceuticals" or "biologics", respectively. Nowadays, the vast majority of biopharmaceuticals have been produced in microbial or mammalian cells. Microbial systems are clearly superior in terms of easy cultivation and high product yields, whereas mammalian cell lines (preferentially Chinese Hamster Ovary cells) are favoured for complex multimeric proteins or those requiring posttranslational modifications (Schmidt 2004; Walsh & Jefferis 2006) . In comparison to the currently used systems, plants combine several advantages making them interesting alternatives. As higher eukaryotes, they perform posttranslational modifications closely resembling those of humans and the risk of product contamination by infectious agents deriving from the used cells or media is neglectable Ma et al. 2005) . However, only plant-based systems cultivated in vitro allow the precisely controlled environment which is required to produce pharmaceuticals under so-called GMP (Good Manufacturing Practices) conditions (Hellwig et al. 2004) . While feasibility studies for plants as expression platforms for recombinant biopharmaceuticals were successfully performed almost twenty years ago (Düring et al. 1990; Sijmons et al. 1990) and several plant-derived biopharmaceuticals have been submitted for clinical trials in humans most plant systems are still limited in producing correctly glycosylated proteins. Protein Asparagine (N)-linked glycosylation is a frequent modification of the majority of proteins from human blood (e.g. antibodies, growth factors, hormones) which displays the main candidates as biopharmaceuticals. Plants attach sugar chains to proteins which resemble mammalian glycosylation most of all alternative production systems, however, plant glycans contain sugar moieties which were shown to activate the human immune system, the most critical issue when a pharmaceutical is applied to patients (Garcia-Casado et al. 1996; van Ree et al. 2000; Bardor et al. 2003; Faye et al. 2005) .
Some years ago, the P. patens was suggested and commercialized as an alternative production platform that meets this concern by providing an exceptional accessibility for precise genetic modifications via highly efficient mitotic homologous recombination (Strepp et al. 1998; Kamisugi et al. 2006; Decker & Reski 2008 ). In-vitro cultivation of protonema and gametophores has been established since decades (Reski & Abel 1985) and efficient transformation protocols are also available for many years (Rother et al. 1994; . Highly controllable and standardized cultivation conditions for biopharmaceutical production were reached in different photobioreactors developed as stirred glass tanks for a volume up to 15 L , Fig. 2 ) or in a modular, fully scalable glass tubular reactor (Lucumi et al. 2005; Lucumi & Posten 2006; PernerNochta et al. 2007) . A 30-L tubular pilot reactor was employed to determine optimal parameters for batch (Lucumi et al. 2005) as well as continuous cultivation (Lucumi & Posten 2006) . Recent improvements of the tubular system focused on the establishment of a modular 100-L bioreactor unit allowing the manufacture of biopharmaceuticals for clinical studies (www.greenovation.com).
Genetic tools for enhancing recombinant protein production focused on strong and tunable gene expression systems using P. patens-derived as well as heterologous promoter cassettes (Horstmann et al. 2004; Jost et al. 2005; Gitzinger et al. 2009 ). In addition, the efficiency of product secretion was improved by a screening of various secretions signals in which P. patens signal sequences turned out to be superior to heterologous (i.e. human) ones (Schaaf et al. 2005; Weise et al. 2006 ). Secretion of P. patensproduced biopharmaceuticals to the culture supernatant is favoured for two main reasons: It allows continuous harvest of products from a simple mineral medium which contains only a very few moss proteins and no additives. Thus, the isolation and purification (the so-called downstream processing) of the recombinant products is eased compared to other systems. In addition, a secretory system is desirable in order to navigate the nascent proteins through the endoplasmic reticulum and the Golgi apparatus which are responsible for N-glycosylation and many additional posttranslational modifications. These compartments are passed by the vast majority of extracellular proteins.
As mentioned above, correct protein N-glycosylation is a frequent and very important protein modification on biopharmaceuticals and differences in single sugar residues may result in functional aberrations or adverse reactions of the human body against the pharmaceutical protein. Glyco-engineering of P. patens-produced biopharmaceuticals was achieved via targeted knockouts of genes coding for those glycosyltransferases which attach the two most critical sugar molecules to the growing glycan chain (Koprivova et al. 2004 ). In addition, the mechanism for unwished terminal beta-1,3 galactosylation was identified (Launhardt et al. 2008 ) and a human beta-1,4 galactosyltransferase gene, unknown from plants at all, was introduced into the moss genome via homologous recombination (Huether et al. 2005) . The glyco-engineered P. patens strains were shown to be completely devoid of allergenic sugar residues and were employed to synthesise several products of pharmaceutical value, including human VEGF (Koprivova et al. 2004) , IgG class antibodies (Gorr & Jost 2005; Nechansky et al. 2007; Schuster et al. 2007) , and erythropoietin (Weise et al. 2007 ). For some antibodies, probably the most interesting and largest group of biopharmaceuticals in use and clinical development, glyco-engineered P. patens strains turned out to be superior to traditional mammalian production hosts. The pharmacological efficiency of some antibodies is rather disappointing due to weak antibody-dependent cellular cytotoxicity (ADCC), an important effector function of antibodies. ADCC is mediated by receptor binding of IgG-class antibodies and was enhanced with recombinant antibodies produced in glyco-engineered moss up to 40-fold compared to the parental antibody produced in mammalian cells (Nechansky et al. 2007; Schuster et al. 2007) , impressively demonstrating the suitability of P. patens to produce biopharmaceuticals with enhanced product quality.
International Moss Stock Center
More and more bryophyte species are collected from the wild and transferred to axenic culture, which is the prerequisite of any molecular analysis (Hohe & Reski 2005) . In addition, the pure number of genetically engineered moss mutants is rapidly growing. To enhance the reproducibility between the research in different laboratories, to promote the exchange of scientific material, and last but not least, to meet the high standards of high profile journals, a central resource is needed, that stores and preserves any bryophyte strain, wild type or mutant, that has been used for molecular analyses and has been published in peer-reviewed journals. In contrast to most seed plants, bryophytes can be preserved deep-frozen in or over liquid nitrogen. This method was optimized by Schulte & Reski (2004) for a huge amount of Physcomitrella mutants, and is also applicable to a variety of other axenic cultures of different bryophytes (unpublished). Even after ten years deepfrozen, moss mutants can be thawed and re-grown unchanged since then to 100% (unpublished). Recently, this technique was used to establish the International Moss Stock Center (IMSC), based at the University of Freiburg, but operating world-wide. The IMSC can be accessed via www.moss-stockcenter.org.
Conclusions
The potential of bryophytes for applied research with implications for agriculture and for human health still is not fully appreciated and explored. Nevertheless, the work of Jan-Peter Frahm and others have shown that bryotechnology is a fast developing sector of biotechnology in general.
